Abstract: Preparation conditions of fibrous hydroxyapatite (Ca 10 (PO 4 ) 6 
INTRODUCTION
A hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 : HAp) possesses bone regenerative and biodegradable characteristics 1, 2 , and it may be applied to the drug carriers 3, 4 and scaffold 1, 5 . Previously, HAp has been prepared by many chemical routes 6 . The preparation of HAp powders by the solid-state reaction is, for example, the heating of the mixture of calcium carbonate (CaCO 3 ) and calcium hydrogen phosphate (CaHPO 4 ) at 1300ºC for 7 h as follows: The preparations of HAp powders by the liquid phase reactions are, for example, precipitation 6 , sol-gel 6 , hydrothermal synthesis 6 , multiple emulsion technique 6 , biomimetic deposition 6 and homogeneous precipitation techniques [8] [9] [10] [11] . Further, the spray pyrolysis and freeze drying 12, 13 , both of which are instantaneous solvent elimination in order to avoid segregating the component ions, have been reported by the present authors 12, 13 .
Among these techniques, the homogeneous precipitation, using urea ((NH 2 ) 2 CO; precipitant), is attractive to prepare the anisotropically-grown HAp particles, via octacalcium phosphate (Ca 8 H 2 (PO 4 ) 6 • 5H 2 O; OCP）particles [8] [9] [10] [11] and/or calcium hydrogen orthophosphate (CaHPO 4 or CaHPO 4 •2H 2 O) particles with the shapes of tubular, needle-like, lath-like, and rectangular prismatic crystals 14 . The hydrolysis of urea to dissociate the ammonia may be beneficial for such anisotropic particle growth of precursor of HAp, e.g., HAp particles with the long-axis lengths of approximately 100 m or shorter 15 and 50 ~ 150 m 16 , additionally using glutamic acid for the modulation of crystallization. The heat treatment in the acidic solution containing glutamic acid seems to be effective to elongate the long-axis lengths of particles to approximately 250 µm 17 .
The present authors 18 have prepared the OCP particles with millimeter-scale long-axis lengths (mean length: 1.0 mm) through the strict control of the concentrations of starting calcium phosphate solutions, as well as the concentration of urea. Generally, the hydrolysis of OCP to form HAp may reduce the long-axis length through the long time heating, as well as the temperature (above 90ºC) being higher than the case of OCP, and is required in order to minimize the reduction of original long-axis length of OCP particles. The novel technique of microwave-assisted hydrothermal heating above 100ºC was employed in order to avoid reducing the long-axis length of original OCP particles through quick hydrolysis process. On the basis of such background, the present research was conducted in order to examine the optimized preparation conditions of fibrous HAp particles from the calcium phosphate solution, through the homogeneous precipitation/microwaveassisted hydrothermal heating.
MATERIALS AND METHODS

Preparation of fibrous OCP/HAp particles
The preparation of fibrous OCP particles was conducted by homogeneous precipitation method, using (NH 2 ) 2 CO as a precipitant. A three-necked flask, attached to the thermometer, pH meter and Liebig condenser, was employed for the homogeneous precipitation at 80°C for 24 h, using the solution (300 cm 3 2 (1)
The particle shapes are noted to be fibrous, and the mean long-axis length of fibrous particles is 386 μm when the (NH 2 ) 2 CO concentration is 0.12 mol·dm 3 , rather than the case of 0.16 mol·dm 3 .
In order to make clear the phases of the anisotropically-growth particles, the crystalline phases were checked by XRD. The results are shown in FIGURE 2, as a function of (NH 2 ) 2 CO concentration. When the (NH 2 ) 2 CO concentrations were 0.04 and 0.08 mol•dm 3 , CaHPO 4 and OCP Relating to the formations of CaHPO 4 and OCP, the former compound is stable for pH < 4 25 . On the other hand, the latter compound is favored as a metastable phase in the range of pH ≃ 4 to pH ≃ 6.5, although the non-stoichiometric HAp (i.e.,Ca 10x (HPO 4 ) x (PO 4 ) 6-x (OH) 2x ) is also thermosdynamically stable for pH > 4 25 .
The anisotropic particle growth occurs along with the chemical routes from Eq. (3) to Eq. (7). The noted reflections of 001, 002 and 003 in the CaHPO 4 indicate the anisotropic crystal growth normal to the c-axis direction 26 .
The optimum (NH 2 ) 2 CO concentration for the formation of notable long-axis length is found to be 0. 12 , respectively. Regardless of the increase in crystallinity of OCP with concentration of (NH 2 ) 2 CO from 0.12 to 0.16 mol•dm 3 , the decrease in the long-axis length of OCP particles seems to be ascribed to the mechanical shock by larger amount of CO 2 bubbling, in addition to the restricted anisotropic crystal growth in the presence of NH 3 .
Microwave-assisted hydrothermal heating of fibrous OCP particles
The longer time hydrolysis of OCP for the formation of fibrous HAp particles decreases the long-axis length, because the fibrous morphology is regarded as the metastable state. Then the The crystalline phases of the resulting powders were checked using XRD with the results being shown in FIGURE 4. X-ray intensities of OCP were reduced with increasing time, and disappeared at 3 h heating. On the other hand, X-ray intensities of HAp increased with increasing time from 1 to 3 h.
The phases present were further checked by FT-IR spectroscopy. Typical FT-IR spectrum of the calcium phosphate powder prepared by microwaveassisted hydrothermal heating at 130ºC for 3 h are shown in FIGURE 5. After the microwave-assisted hydrothermal heating at 130ºC for 3 h, the absorption peaks appeared at 563, 601, 629, 860, 964, 1026, 1080, and 1400 cm 1 , whereas the absorption bands appeared in the range of 960 to 1100 cm 1 .
The absorption peaks at 563 and 601 cm 1 are assigned to the bending vibration of PO 4 group. Also, the absorption peak at 964 cm 1 is assigned to the stretching vibration of the P-OH in the HPO 4 On the basis of the data regarding the phase identification of microwave-assisted hydrothermal heating, the resulting particle morphologies were studied by the FE-SEM and the long-axis length distributions were checked using the FE-SEM micrographs. The results are shown in FIGURE 6. Regardless of the changes in heating time, the particle shapes were always fibrous, and the long-axis lengths were distributed over the range of 0 to 1000 m. The highest frequencies of the long-axis length distributions were in the range of 200 to 300 m. The mean long-axis lengths of particles after the microwave-assisted hydrothermal heating at 130ºC for 1 h, 2 h and 3 h were 373, 348 and 307 m, respectively. The long-axis lengths of particles seem to be reduced with increasing heating time from 1 to 3 h. Before the microwave-assisted hydrothermal heating, the mean long-axis length of OCP particles was 382.6 m. Thus approximately 80% of the mean long-axis length is found to be preserved, after 3 h of the microwave-assisted hydrothermal heating.
Increase in long-axis length of fibrous HAp particles by microwave-assisted hydrothermal heating
Terpstra and Bennema 30 reported that both OCP 7 , together with the FE-SEM micrograph and long-axis length distribution. The crystalline phase detected by XRD was only HAp. On the other hand, the particle morphology of the resulting HAp powder was fibrous, whereas the long-axis lengths were distributed in the range of 0 to 1000 m (mean long-axis length: 255 m). During the microwave-assisted hydrothermal heating, the hydrolysis of OCP reduces the long-axis length from 1000 to 255 m. Thus only 25.5% of the long-axis length of the particles may be kept after the hydrolysis of OCP to HAp.
The long-axis lengths of HAp particles are reduced during the hydrolysis of fibrous OCP particles. The precursor compound, OCP, has the characteristic having the ordered interaction with the hydrated layers 31 . Such OCP crystals collapse to form smaller crystals, e.g., platelet-like morphology of the apatitic or HAp crystals 32 . Thus the same phenomena may also occur in the present case to collapse the fibrous morphology during the hydrolysis of OCP.
Microwave-assisted hydrothermal heating of OCP particles in HAp-dissolved solution
We found that the hydrolysis of OCP to HAp may reduce the long-axis lengths of the HAp particles. The reinforcement of Ca-PO 4 bonds and encouragement of anisotropic particle growth seem to be effectively occurred by the microwave-assisted hydrothermal heating of OCP-suspended HAp-dissolved solution, which has no influence of anions (e.g., NO 3  and NH 4 + ) on the restriction of the anisotropic crystal growth. In this section, we describe the results on the formation of fibrous HAp particles prepared by the microwave-assisted hydrothermal heating in the HAp-dissolved solution, i.e., the dissolution of HAp powder into the water with bubbling of CO 2 gas. FIGURE 8 shows the changes in mean long-axis length of the resulting particles with heating time at 130ºC. The mean long-axis length of starting OCP particles was 1000 m. When the microwave-assisted hydrothermal heating was conducted at 130ºC, the long-axis length of the resulting fibrous particles was reduced with heating time, i.e., 945 m (1 h heating), 834 m (2 h heating) and 437 m (3 h heating) . Thus approximately 43.7% of long-axis length seems to be preserved, owing to the microwave-assisted hydrothermal heating at 130ºC for 3 h. Comparing to the case that utilizes the Ca(NO 3 ) 2 and (NH 4 ) 2 HPO 4 solutions as staring materials (255m), the collapse of the fibrous particles may be restricted by using HAp-dissolved solution.
FIGURE 9 shows the typical XRD pattern, FE-SEM micrograph and long-axis length distribution of the resulting powder prepared by the microwave-assisted hydrothermal heating at 130ºC for 3 h. The crystalline phase detected by XRD was only HAp.
According to the FE-SEM observation, the particle morphology was fibrous, and the long-axis lengths of the fibrous HAp particles were distributed in the range of 0 to 1300 m (mean long-axis length: 437 m).
Since the fibrous HAp particles were observed by the microwave-assisted hydrothermal heating at130ºC for 3 h, Miller indices were checked by using the powder with no grinding operation. In order to make clear the relationship between preferred o rientatio n and p article mo rp ho lo g y, XRD FIGURE 10 . The crystalline phase detected by XRD was only HAp with the intense 300 reflection. Moreover, 002 reflection was weaker, compared to the case of 300 reflection. Such intense reflection of 300 indicates the preferred orientation of a-plane, which reflects the anisotropic crystal growth 33 . The low ratio of peak intensity of the planes 002 and 300, i.e., R 002/300 = I 002 /I 300 , suggests the suppression of the growth along the c-plane 33 . On the other hand, the preferential crystal growth of HAp particles seems to occur along a-plane. When the Ca/P ratio of the resulting HAp was checked using EDX, it was 1.52. The resulting HAp seems to be non-stoichiometric HAp, and the chemical formula is expressed as follows: Ca 10x (HPO 4 (NH 2 ) 2 CO, the microwave-assisted hydrothermal heating of OCP powders in the HAp-dissolved solution helped preserving the mean long-axis length being as long as 437 m.
